The present work provides sets of correction factors to adjust the calculated vibrational frequencies of a series of α, ω-diamines hydrochloride salts to account for the intermolecular interactions with the counterion. The study was performed using different theory levels for predicting the vibrational data of isolated dicationic α,ω-diamines and their hydrochloride forms, with and without the explicit account of the interactions with the chloride counterions. Different sets of correction factors were determined for each theory level considering the four smallest elements for the α,ω-diamines series, while their transferability and reliability was evaluated considering the larger elements of the series. The theory level simplification was also evaluated and was found to neither compromise the vibrational frequencies estimates nor the magnitude and accuracy of the pre-defined scaling factors. This suggests that transferability of the correction factors is possible not only for different diamines but also between different levels of theory with the averaged group correction factor, ζ g a , being the best choice to account for the effects of the N-H···Cl interactions. The possibility of simplifying the theory level without compromising efficiency and accuracy is additionally of utmost importance. This computational approach can constitute a valuable tool in the future for studying the hydrochloride forms of larger and more complex diamine systems.
Introduction
Polyamines are ubiquitous molecules in living organisms. They have attracted a great interest over the years because of their multiple and vital functions in cell biology and biochemistry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Their polycationic character at physiological pH renders them able to interact and/or bind with various important cellular macromolecules, including DNA, RNA and proteins, thereby affecting their activity [4, 5, 7, 9, 11, [14] [15] [16] . Numerous recent studies have shown that alkylpolyamines can act as ligands to metal ions such as Pt (II) and Pd (II), and that some of the resulting complexes display promising anticancer properties [17] [18] [19] [20] [21] [22] [23] .
In the last few years, the authors have been involved in a project aimed at understanding the structure-activity relationships (SARs) underlying the anticancer properties of some Pt(II)-and Pd(II)-polyamine complexes. Characterization of both free ligands and metal complexes has been performed by vibrational spectroscopy (Raman, Fourier transform infrared (FTIR) and inelastic neutron scattering (INS)) coupled to quantum chemical calculations [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Quantum chemical calculations are frequently performed for the isolated molecule. This simplification, however, may compromise the calculations accuracy since it completely neglects the effects of the intermolecular interactions occurring in the condensed phase. In a previous quantum chemical study performed for the 1,2-ethylenediamine dihydrochloride salt Electronic supplementary material The online version of this article (doi:10.1007/s00894-015-2818-7) contains supplementary material, which is available to authorized users. [26] , for instance, the authors verified that accounting for the interactions between the protonated amine groups and the surrounding chloride counterions is essential for an accurate prediction of the corresponding vibrational spectra. The explicit consideration of the counterions is, however, associated to significant computational costs that may render calculations unfeasible. Density functional theory with periodic boundary conditions (periodic-DFT) can be used for representing the entire unit cell [30] [31] [32] (thus, explicitly including intermolecular interactions). However, once again, the method becomes rapidly inapplicable with increasing system size. Therefore, the definition of a methodology that weighs the effects of intermolecular interactions, without causing a rapid prohibitive enhancement of computational demands, is of the utmost relevance.
The main goal of the present study is to test the possibility of using pre-defined correction factors to correct the vibrational frequencies calculated for the isolated cationic forms of polyamines for the effects of the intermolecular interactions that occur in the condensed phase. The hydrochlorides of the α,ω-diamine series (general formula [H 3 N(CH 2 ) n NH 3 ]
2+
, n= 2 -10 and 12; Fig. 1 ) were selected to perform the study. The principle of factor transferability for correcting quantum chemical vibrational frequencies for unaccounted effects is not new. In fact, pre-defined scaling factors are widely used to correct the calculated vibrational frequencies for anharmonicity effects and incomplete treatment of electron correlation, which are underestimated by the currently used single-molecule theoretical levels [35] [36] [37] .
The present study has an additional goal. One of the factors that limits the applicability of quantum chemical calculations to large molecular systems is related to the theory level considered. Thus, this work also intended to infer on the efficiency of the simple mPW1PW/6-31G* theory level relative to a significantly more complex approach ωB97XD/6-311++ G(2d,2p). This assessment is important since a proper simplification of the level of theory can contribute to a significant broadening of the applicability of quantum chemical calculations.
Computational details
Calculations were performed using the Gaussian 09w program (G09w) [38] , installed in a PC machine. All calculations were performed considering the mPW1PW DFT combined with the widely used 6-31G* basis set (mPW1PW/6-31G*), as implemented in G09 [38] . In the case of the four smallest elements of the α,ω-diamines series, calculations were also performed using the long-range corrected hybrid DFT ωB97XD combined with the 6-311++G(2d,2p) basis set (ωB97XD/6-311++G(2d,2p)). For simplification, these two theory levels (TL) are designated by TL-1 and TL-2, respectively, in Table 1 . Other DFT methods (hybrid functionals M06-2X and X3LYP, and the long-range corrected hybrid functionals LC-wPBE) and basis sets (6-31G**, 6-31++G**, and aug-cc-pVDZ) were also tested, but due to the similarity between the overall results, they will not be discussed extensively. Any further information concerning these DFT/basis set combinations can be obtained by request to the authors.
The authors are aware of the smallness and limitations of the 6-31G* basis set used. However, the use of this theory level is justified as the present work integrates a wider project on the study of significantly larger aliphatic amines, as well as of their Pd(II) and Pt(II) complexes. Previous reports on the theoretical prediction of the vibrational spectra of cisdiamminedichloro-platinum (II) (cisplatin) and cisdiamminedichloro-palladium (II) [25, 28] showed that the mPW1PW/6-31G* theory level yielded a good balance between the computational demands and the accuracy achieved. This theory level has also been demonstrated to be adequate for the description of hydrogen bonds involving N-H groups [24] . Despite these prior findings, the efficiency of the mPW1PW/6-31G * level was once more evaluated, within this new context, by comparison with the results obtained using a higher theory level that combines a long-range corrected hybrid functional, ωB97XD, with a much larger basis set, 6-311++G(2d,2p). The choice of this theory level was based on its well documented high performance regarding the description of hydrogen bonding [39] [40] [41] [42] .
Assembling of the starting geometries
For each linear α,ω-diamine (Fig. 1) , full geometry optimization and vibrational frequency calculations were performed considering the isolated dicationic amine (i.e., neglecting the presence of the counterions) and the corresponding hydrochloride form. Throughout the text and tables, the distinction between the two forms is made by appending a suffix, either -H (dicationic) and -HCl (hydrochloride), to the acronym used to identify the diamine (Fig. 1) .
Assembly of the starting geometries for different hydrochloride adducts was performed using the X-ray information available in the literature [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] and the theoretical results previously reported for DAE-HCl [26] . Briefly, in all cases, the diamine cation skeleton presents an almost all-trans configuration, with both NH 3 + -terminals involved in three strong N-H···Cl hydrogen bonds to distinct surrounding counterions. In turn, each counterion establishes contacts with three distinct neighboring diamine cations. This relative spatial arrangement of the diamines and counterions gives rise to twodimensional layers, which are stacked one onto the other by additional weaker N-H···Cl and C-H···Cl intermolecular interactions. Despite this complex overall arrangement, the quantum chemical results obtained for DAE-HCl [26] showed that an overall arrangement presenting one diamine cation surrounded by six counterions (Fig. 1 ) constitutes a good model for predicting the vibrational frequencies of DAE within the crystal packing.
Determination of the correction factors and transferability evaluation
Determination of the correction factors was performed considering only the four shortest diamines of the α,ω-diamine series (DAE, DAPro, DAB, and DAPen). The remaining elements of the series were included in the evaluation of the transferability of the correction factors, performed subsequently.
The appropriate match between the vibrational frequencies predicted (ω i ) for both the dicationic and hydrochloride forms of DAE, DAPro, DAB, and DAPen was performed by visualizing the atomic displacements characterizing each vibrational mode using the GaussView program [54] . In the case of the NH 3 antisymmetric stretching (ν as NH 3 ), antisymmetric deformation (δ as NH 3 ) and rocking (ρNH 3 ) modes, the correlation between different calculations requires a careful inspection of the atomic displacements involved, as evidenced in Fig. 2 . Subsequently, the deviation predicted for each vibrational mode, due to the interaction with the counterions, was determined as
An individual correction factor (ζ i ) was determined for each vibrational mode according to the formula: The similarities found in the magnitude for some ζ i -factors allowed, at first glance, to define a set of group correction factors (ζ g ) that can be used to correct groups of vibrational modes. Finally, the obtained sets of individual and group correction factors obtained (four sets of each) were used to obtain the corresponding averaged individual and group correction factors ζ a i or ζ g a , respectively. These were then used to evaluate the transferability of the correction factors among the whole α,ω-diamine series. At this stage, it is important to refer that the present work did not focus on the longitudinal (βNCC and βCCC) and transversal (γNCC and γCCC) skeletal deformation modes (commonly known as LAMs and TAMs, respectively). These low-frequency acoustic modes constitute a special group of vibrations that are strongly dependent on both length and even/odd character of the carbon skeleton chain [27, 55, 56] . Such behavior discards the possibility of correction factors transferability among systems of different chain size in what concerns the LAM and TAM modes.
Evaluation of the correction method efficiency
The efficiency of the proposed correction methodology of the vibrational frequencies for the effects of the counterions was quantitatively assessed using two statistical parameters, namely the root-mean-square deviation (RMSD) and the coefficient of variation of the root-mean-square (CV; %). These two parameters were determined, respectively, as:
where ζ stands either for the average ζ a i or ζ g a values, and n stands for the number of vibrational modes of the dicationic diamine considered in the analysis (given as 3N-6-L-T, where N stands for the number of atoms and L and T stand for the number of LAM and TAM modes, respectively). The μ-value corresponds to the average of the vibrational frequencies calculated for the given diamine-HCl species. Regarding the RMSD values associated to the uncorrected results (UC), a ζ-value of 1.00 is assumed for all vibrational modes.
Results and discussion

Effect of simplifying the theory level
The ratio between accuracy and computational demand is undoubtedly one issue of particular relevance in quantum chemical studies. Although it is essential to ensure a high reliability of the computational predictions, keeping the computational demand low is also a fundamental issue in order to broaden the applicability of quantum chemical calculations. Hence the importance of evaluating the efficiency of a relatively simple theory level relative to a much higher one, which in theory provides better predictions but will have a much more restricted applicability due to higher computational requirements.
In order to proceed to the accuracy evaluation of the mPW1PW/6-31G* theory level, the first step consisted of the assessment and comparison of the frequency values provided by both theory levels for the different vibrational modes of DAE, DAPro, DAB, and DAPen, in both dicationic forms (isolated and hydrochloride). Table S1 (Supplementary material) presents the full list of the calculated vibrational frequencies, as a function of diamine, together with the deviations observed due to theory level simplification (in each case, Δ=ω i (mPW1PW/6-31G* -ω i (B97XD/6-311++G(2d,2p)).
Regardless of the diamine size, most of the absolute Δ-values are well below the threshold of 25 cm
. The most affected vibrational modes partly depend on the dicationic form considered. In the case of the isolated dicationic form, the most affected are the CH 2 symmetric and antisymmetric stretching modes (ν s CH 2 and ν as CH 2 , respectively), the NH 3 symmetric stretching mode (ν s NH 3 ) and the NH 3 symmetric and antisymmetric deformation modes (δ s NH 3 and δ as NH 3 , respectively). On the other hand, when an explicit account is given to the N-H···Cl interactions the list of the most affected modes is enlarged to encompass as well the CH 2 deformation modes (δCH 2 ), the NH 3 antisymmetric stretching (ν as NH 3 ), and the torsional (τNH 3 ) modes. Independent of the cationic form considered, it is found that, relative to the ωB97XD/6-311++G(2d,2p) calculations, the mPW1PW/6-31G* theory level tends to underestimate the νNH 3 and the νCH 2 modes and to overestimate the remaining ones. Figure 3 shows the variation of the mean absolute deviations values (MAD) as a function of diamine dicationic species, for the vibrational modes displaying higher sensitivity to the change in the theory level (ωB97XD/6-311++G(2d,2p) → mPW1PW/6-31G*). For each diamine, left and right columns refer to the -H and -HCl forms, respectively. Independently of the diamine size, changing theory level has a relatively similar effect on the predicted δNH 3 vibrational frequencies. In addition, the νNH 3 and τNH 3 modes are significantly more affected by the theory level simplification for the hydrochlorides than for the -H species.
The effect on the νCH 2 and δCH 2 vibrational modes is not as straightforward. In the case of DAE up to DAB, the νCH 2 and δCH 2 vibrational modes are found to be slightly more affected in the isolated and hydrochloride cations, respectively. However, further increase of the diamine carbon chain (beyond DAPen) seems to annul this differentiation.
Another effect that needs to be scrutinized relates to the magnitude of the deviations of the vibrational frequencies calculated for dicationic DAE, DAEPro, DAB, and DAPen (Δ i ) as a result of the explicit account of the counterions. Table S2 (Supplementary material) gives the full list of Δ i -values as a function of diamine and theory level. In line with the results previously obtained for DAE-HCl at the B3LYP/6-31G* theory level [26] , it is found that the effects promoted by the interactions with the counterions do not manifest themselves evenly over all vibrational modes. The CH 2 -related vibrations are unanimously estimated as nearly insensitive to the establishment of the N-H···Cl interactions. Conversely, the NH 3 + -related modes are significantly affected. Among these, the ν s NH 3 , ν as NH 3 , and τNH 3 are the most disturbed, with the νNH 3 and τNH 3 vibrations being downward and upward shifted far beyond 250 cm −1 . In turn, the δNH 3 and ρNH 3 are comparatively less perturbed, with the former being almost insensitive to the establishment of the N-H···Cl interactions. Finally, regarding the skeletal stretching modes it is found that the C-N stretchings (νC-N) are significantly more affected than the C-C stretchings (νC-C), probably due to their proximity to the interacting counterions. All these general variation trends stand regardless of the diamine and theory level considered (Table S2) . Figure 4 displays the magnitude variation of the Δ i -values for some selected vibrational modes, as a function of diamine and theory level. In each set, left and right columns refer to the mPW1PW/6-31G* and ωB97XD/6-311++G(2d,2p) results. Analysis of the figure confirms the similarity of the deviations promoted by the explicit counterion account on the vibrational frequencies predictions within both theory levels. Only in a few cases (e.g., νCH 2 and νNH 3 ) the differences reach a magnitude beyond 50 cm −1 (Fig. 4 and Table S2 ). Yet, the relevance of these more marked differences is attenuated given that they are generally associated to vibrational modes of high frequency value (>3000 cm −1
). The νC-C modes were considered in Fig. 4 , despite the evident low sensitivity to the effects of interactions with counterions, only to highlight that their sensitivity becomes gradually lower as the carbon chain size increases. The same is, however, not observed for the νC-N modes, which demonstrate constancy in the magnitude of the effects promoted, regardless of the diamine and the level of theory. This differential behavior of the νC-N and νC-C modes is probably related to the gradual weakening of the coupling between the two terminal NH 3 + -groups as the carbon chain gets longer. In other words, as the distance between the two NH 3 + -groups increases, the effects of the establishment of the N-H···Cl contacts become gradually more centered on the vibrational modes that directly involve those groups, leaving the νC-C modes progressively out of the effect.
Taken together, the gathered results suggest that the reliability of the effects that are anticipated for the vibrational frequencies of DAE, DAPro, DAB, and DAPen due to explicit account of the N-H···Cl interactions is not compromised by theoretical level simplification. As stated already, one additional parameter that is relevant to scrutinize is the difference between the two levels of theory with respect to their computational requirements. Within the aims of the present work, this evaluation is relevant from different outlooks, namely regarding the gradual increase of the carbon skeleton, the explicit simulation of the presence of the counterions and the theory level simplification. All these evaluations may be based on computational parameters such as the central processing unit (CPU) time required for a frequency calculation and the dimension of the scratch files (e.g., read-write file, RWF) used in the course of it.
Figures 5 and 6 show the variation trends of both CPU and RWF-size as a function of diamine lenght and dicationic form (isolated or hydrochloride), using the mPW1PW/6-31G* and Fig. 3 Variation of the mean absolute deviations (MAD) values for the most affected vibrational modes of DAE, DAPro, DAB, and DAPen, after changing theory level (ωB97XD/ 6-311++G(2d,2p) to mPW1PW/ 6-31G*). For each α,ω-diamine, left and right columns refer to the -H and -HCl forms, respectively Fig. 4 Magnitude of the variation of the Δ i -values (ω i (amine− HCl)−ω i (amine−H)) for some selected vibrational modes, as a function of diamine and theory level. In each set, left and right columns refer to the mPW1PW/6-31G* and ωB97XD/6-311++ G(2d,2p) results, respectively ωB97XD/6-311++G(2d,2p) theory levels, respectively. With no surprise, increasing the diamine size leads to a considerable enhancement of computational demand (Figs. 5 and 6 ). Regardless of the theory level, a more drastic increase of both CPU and RWF-size is observed upon explicit consideration of the counterions. For the smallest diamine, for instance, changing from DAE-H to DAE-HCl, at the mPW1PW/6-31G* theory level, leads to a rise in CPU and RWF-size from 131 s and 2 MB to 782 s and 59 MB (597 and 2950 %, respectively). Increasing diamine size seems to reduce the growth rates of both computational parameters. However, this effect is only apparent and results from the fact that the explicit introduction of Cl − ions in the calculation leads to a dramatic increase of the computational demand so that the effects resulting from amine size become comparatively less noticeable. Regarding the effect of theory level (mPW1PW/6-31G* → ωB97XD/6-311++G(2d,2p)) it is verified that the increase observed for both CPU and RWF-size is even more pronounced than the ones due to the explicit account of the counterions (Fig. 5 vs. Fig. 6 ). As previously discussed, the decline of the growth rates associated to basis set upgrading is just apparent.
Nonetheless, the results presented herein clearly show that in order to extend the limits of applicability of quantum chemical calculations to gradually more complex systems, a coherent simplification of the theoretical approach is essential, as long as it does not compromise the results accuracy. This can be achieved either by reducing the calculation theory level and/or by simplifying the way of accounting for the effects of intermolecular interactions (e.g., interaction with counterions). In this context, the use of pre-defined scaling factors to correct vibrational frequency for the effects of the interactions with counterions represents a very attractive option. Furthermore, using this methodology associated within a low demanding theory level (as mPW1PW/6-31G*) makes it even more appealing. Table S3 (Supplementary material) as a function of diamine and theory level. The similarity observed between the ζ i -factors determined for certain categories of vibrational modes ( Table S3 ) clearly suggests that the use of ζ g -factors makes perfect sense. The similarity between correction factors extends to the equivalent ζ i -and ζ g -factors determined for the four diamines (Tables 1 and S3) , and points out the possibility of using average factors (ζ i a and ζ i a ). On the other hand, it also points to the possibility of restricting the number of distinct correction factors to seven or less (e.g., there is a great similarity between both ζ i -and ζ g -factors related to the δNH 3 and the distinct CH 2 -related vibrational modes).
Finally, the effect of changing the theoretical level on the magnitude of the correction factors was assessed. As seen from Tables 1 and S3 , simplifying the theory level from ωB97XD/6-311++G(2d,2p) to mPW1PW/6-31G* does not affect the magnitude of the correction factors. This observation suggests the possibility of transferability of the correction factors between different levels of theory. Supporting this idea, there are the correction factors determined based on calculations performed considering other theory levels. The gathered ζ g a scaling factors are given in Table 2 as a function of theory level.
Efficiency evaluation of the correction factors
In order to assess the relative efficiency of the four sets of correction factors (ζ i , ζ g , ζ ), the RMSD and CV statistical parameters were determined for the corrections of the vibrational frequencies forecasted for the α,ω-diamines DAE, DAPro, DAB, and DAPen. The values are presented in Table 3 , as a function of theory level and diamine, together with the corresponding values related to the uncorrected results. The general trends of improvement upon the different correction schemes apply equally to both theory levels.
Regardless of the correction factors set chosen, a great improvement is achieved for the implicit simulation of the interactions of the diamines with the counterions. A significant decrease of both RMSD and CV values relative to the uncorrected results is clear proof of that.
Unsurprisingly, the ranking of the sets of correction factors according to their efficiency to correct the vibrational frequencies calculated for isolated dicationic species to the effects of the interactions with counterions follows the order ζ g a < ζ g < ζ i a < ζ i , irrespective of diamine or theory level. Yet, the improvement achieved in using the set of ζ g a to account for the effects of the N-H···Cl interactions is obvious and opens up the possibility of using them to correct the vibrational frequencies predicted for the larger elements of the α,ω-diamine hydrochloride series. Table 4 presents the RMSD and CV values obtained for the uncorrected and corrected (using the ζ g a given in Table 1 ) vibrational frequencies of the α,ω-diamines beyond DAHex. As stated previously, the calculations regarding these larger diamines were limited to the mPW1PW/6-31G* theory level. Such an option was based on the fact that this theory level provides a very good ratio between efficiency and computational demand, when compared with the higher level of theory ωB97XD/6-311++G(2d,2p).
The statistical results obtained clearly support the idea of the transferability of the ζ g a -factors determined using the smaller elements of the α,ω-diamines to correct the larger elements of the series. At first glance, the RMSD and CV values presented appear to suggest that the use of ζ g a -factors is more effective in the correction of the vibrational frequencies related to major elements of the series (which were not considered in their determination) than in the case of DAE, DAPro, DAB, and DAPen diamine (Table 3 vs. Table 4 ). This improvement is, however, apparent and it is also observed for the uncorrected results. A question thus arises regarding the reasons behind this apparent improvement. Table 5 presents the RMSD and CV values determined for the entire α,ω-diamines series (both uncorrected and corrected vibrational frequencies, using the set of ζ g a -factors) considering all vibrational modes but the CH 2 -related ones (δCH 2 , ωCH 2 , tCH 2 and ρCH 2 ). Recall that LAM modes and TAM are not considered for the reasons stated above.
Comparison of the RMSD and CV values presented in Table 5 with those listed in Tables 3 and 4 proves that the initially suggested improvement of the correction process with increase of diamine size is indeed illusory. The apparent improvement is a direct result of the dampening effect set up by the increase in the number of vibrational modes that are little, if at all, affected by the establishment of the N-H···Cl interactions. When this effect is circumvented by not considering the CH 2 -related vibrational modes, two effects are noted. Firstly, the RMSD and CV values become less affected by the size of the diamine, becoming uniform throughout the whole α,ω-diamine series. Secondly, it becomes evident that the real improvement achieved by applying the correction ζ g afactors is ultimately greater than that highlighted in Tables 2  and 3 . In fact, removing CH 2 -related vibrational modes from the calculation of the RMSD and CV values leads to an increase of the respective average values of those parameters from 155 cm −1 and 8.6 % to 237 cm −1 and 14.3 %, when the UC results are regarded, and from 24 cm −1 and 1.3 % to 31 cm −1 and 1.9 %, respectively, when the corrected vibrational frequencies are considered (Tables 2 and 3 vs. Table 4 ). In short, the worsening observed in the RMSD and CV values is considerably more pronounced when considering the uncorrected results than when considering the corrected. To finalize, similar variation trends of the RMSD and CV values were observed when the forecasts with other theory levels ( Table 2 ) tested were regarded (results not shown).
Reliability evaluation
The significant deviations envisaged for some of the diamine vibrational modes upon the establishment of the NH···Cl contacts suggest that using the theoretical predictions of isolated cationic diamine to assign the vibrational spectra of the respective salts may lead to relevant assignment flaws. For instance, the either explicit or implicit accounting of the N-H···Cl contacts promotes a significant downward shifting of the frequencies calculated for the νNH 3 to such an extent that they are clearly shifted to the spectral region typically associated to the νCH 2 vibrational modes or even to a region below that. Conversely, τNH 3 vibrations are diverted upward from the spectral region typically ascribed to the skeletal LAM and TAM vibrational modes to a spectral region just below the one ascribed to the ρCH 2 vibrations.
The results presented above clearly support the relevance of the two main issues evaluated. First, the use of correction factors to adjust the vibrational frequencies of dicationic amines for the effects of the intermolecular interactions constitutes an efficient way of bypassing the computational demands associated with the explicit consideration of the counterions. Second, the simple mPW1PW/6-31G* theory level is once again confirmed as suitable for predicting the vibrational frequencies of aliphatic amines. The question that now arises concerns the reliability of the methodology to reproduce the experimental information available. Starting with the νNH 3 , the mPW1PW/6-31G* calculations on DAE-H predict these vibrational modes around 3480 (ν as NH 3 ), 3466 (ν as NH 3 ), and 3389 cm −1 (ν as NH 3 ) (Table S1 ), yielding RMSD and CV values of 596 and 20.9 %, respectively, when compared to the experimental values [26] . Applying the correction methodology proposed (using a ζ g a -factor of 0.88; Table 1 ) and afterward the scaling factor proposed by Merrick et al. [37] (λ=0.9499), the νNH 3 of DAE-H would be shifted to 2909, 2897, and 2815 cm ) and CV (%) values (a) obtained for the corrected vibrational frequencies predicted within the mPW1PW/6-31G* and ωB97XD/ 6-311++G(2d,2p) theory levels for DAE, DAPro, DAB, and DAPen ) and CV (%) values obtained for the corrected vibrational frequencies predicted within the mPW1PW/6-31G* theory level for the six larger elements of the α,ω-diamine series (which were not used in the determination of the correction factors) (a)The CH 2 -related modes are excluded from the RMSD and CV determination (b) UC=uncorrected; C g a stand for correction using average group correction factors (see text) (c) Using the correction factors presented in Table 1 observation can be drawn for the νNH 3 of DAB-HCl. The νNH 3 experimental values for DAB-HCl are around 2789, 3036, and 3073 cm −1 [33] . Applying the same correctionscaling methodology to the νNH 3 predicted for DAB-H clearly approaches the forecasted frequencies to the experimentally observed values -from 3512, 3504, and 3416 cm −1 (Table S1 ; RMSD and CV values are 518 and 17.5 %, respectively) to 2936, 2929, and 2855 cm −1 (RMSD and CV values are 108 and 3.6 %, respectively). Regarding the two τNH 3 , the experimental data on DAEHCl [26] , based on N-deuteration studies, ascribed one of these vibrational mode to a shoulder at ca. 469 cm −1
. Considering the DAE-H species, the mPW1PW/6-31G* (and all other theory levels tested) calculations predicted those modes to occur around 230-250 cm −1 (Table S1 ), far away from the experimental value. If the correction-scaling methodology proposed is applied, the deviation from the experimental value is clearly reduced, with the τNH 3 being predicted 596 and 528 cm −1
.
Conclusions
Amines are biologically relevant compounds being found ubiquitously in living organisms. At physiological pH they are found in their active, cationic form, interacting via electrostatic forces with other cellular components. Although the computational study of their unprotonated, isolated form, can be relatively straightforward, it can also be rather misleading as strong intermolecular interactions are not taken into account. The aim of the present work was to: (i) investigate by quantum mechanics the deviations encountered relative to the experimental data when considering or not the effect of the counterions on the prediction of the vibrational profile of diamines, (ii) find a set of correction factors that enabled a better estimate of the vibrational parameters without the need of considering the counterions explicitly on the calculation, (iii) test the transferability of the sets of correction factors to other diamines, and (iv) obtain these correction factors at the lowest computational cost possible while keeping a high efficiency. The systems used to obtain the sets of correction factors were the four smallest elements of the α,ω-diamines series (DAE, DAPro, DAB, and DAPen) which were computed at different theory levels. The methods were compared as to their proficiency on predicting the experimental data as well as to their computational demand. It was found that there are non-negligible intermolecular effects occurring in the cationic species that must be considered when performing quantum mechanics calculations on these types of molecules. All vibrational modes are affected even if not equally, but as expected the most affected vibrational modes are the ones directly involved in the intermolecular interactions. Interestingly the sensitivity of the νC-C stretching mode becomes gradually lower as the carbon chain size increases most probably due to the loss of the coupling effect between terminal NH 3 + groups. Overall, the results suggest that the reliability of the effects that are anticipated for the vibrational frequencies of DAE, DAPro, DAB, and DAPen due to explicit accounting of the N-H···Cl interactions is not compromised by theoretical level simplification. Actually, the increase on diamine size (carbon skeletal increase) lead to a considerable increase of the computational requirements, increase in CPU and RWF-size, especially upon explicit accounting for the counterions. Therefore, the simplification of the theory level can be regarded as an advantage approach while maintaining high accuracy.
The analysis allowed the establishment of sets of group correction factors (ζ g ) and corresponding averaging values (ζ g a ), for each theory level and for each of the four smaller α, ω-diamines studied. Theory level simplification from ωB97XD/6-311++G(2d,2p) to mPW1PW/6-31G* did not affect the magnitude of the correction factors. This suggests that transferability of the vibrational frequency correction factors is not only for different diamines but also between different levels of theory, their use being the best choice to account for the effects of the N-H···Cl interactions.
In summary, the analysis performed for the νNH 3 and τNH 3 modes clearly shows that the methodology proposed in this study is effective in predicting the vibrational frequency of the hydrochloride α,ω-diamine series. Its application allows predicting quite well the frequencies of those modes without the explicit consideration of the counterions. Moreover, the efficiency of the methodology is not compromised by the use of a simplified level of theory such as mPW1PW/6-31G *.
